Abstract-This paper presents the system design and dynamic model of an active variable buoyancy system (VBS) actuator with applications to unmanned multidomain vehicles. Unmanned multidomain vehicles have a unique concept of operations that require nontraditional VBS designs. We present a VBS actuator design that focuses on vehicle design objectives of high endurance, stealth, and loitering while underwater. The design consists of an elastic bladder housed within a rigid ballast tank, hydraulic pump, and proportionally controlled vent valve. Ambient surrounding water is the system working fluid and the elastic bladder serves to separate the gas-water interface, eliminating the risk of the compressed gas escaping when venting the water during extreme pitch maneuvers. A nonlinear analytic model of the VBS is derived and used to examine the parameter design space and the effects on water flow rate, actuation force, and energy efficiency. The VBS actuator design is shown to require a smaller, denser energy storage device than a comparable buoyancy system that uses consumable compressed air. A vehicle model is studied that features forward and aft VBS actuators, which enables vehicle pitch control by shifting the center of gravity along the vehicle's longitudinal axis. The coupling between the VBS actuator dynamics and vehicle dynamics is presented and discussed. A proof-of-concept demonstration is presented and compared to the analytical system model.
INTRODUCTION
T HE concept of a multidomain unmanned vehicle that can travel through air, land, and/or sea domains is of great interest to the military, aerospace, and marine community. An airplane has unobstructed flight throughout the skies with high speed, high maneuverability, and high range capabilities. In contrast, a submarine has free range of the waters with high stealth and loitering capabilities. Combining these two vehicle concepts would produce a submersible aircraft capable of high speed and range through air as well as high stealth and persistence while underwater. A vehicle with these desirable capabilities would enable a unique concept of operations that were previ- ously impossible with a single-domain vehicle. Much work has been done recently on multidomain vehicle designs, including aquatic-aerial vehicles [1] , [2] and aquatic-terrestrial vehicles [3] - [6] . One of the major challenges of designing a multidomain vehicle are the unusual vehicle operation requirements. The vehicle must have high durability to survive underwater environments and high reliability during domain transitions, yet be sufficiently lightweight and maneuverable such that air flight or land locomotion performance is minimally compromised. Many vehicle components or systems have primary functionality in only one domain, such as wings for air flight or wheels for land locomotion. While operating in the other domains, these inactive systems only increase the required vehicle size and weight, therefore decreasing the vehicle operating range and endurance. A variable buoyancy system (VBS) is a vehicle system functional in only one domain. This system is responsible for regulating the vehicle depth and orientation while operating underwater. The VBS for a multidomain vehicle has a special set of design requirements due to the vehicle's unique concept of operations. First, the VBS must be lightweight and compact to minimize the required energy penalty for carrying the inactive VBS through other domains. This includes minimizing the energy storage device volume, which may involve powering the VBS by the vehicle's existing energy source. Second, the VBS should be able to maintain the vehicle at a desired depth for loitering or surveillance operations. Last, the VBS should be able to perform extreme vehicle pitch angles that orient the vehicle horizontally or vertically. In a water-air domain vehicle, a horizontal orientation may be useful for efficient underwater locomotion or sensing while loitering. A vertical pitch-down maneuver could enable a streamlined heaving orientation for depth change via buoyancy control only. A vertical pitch-up maneuver could orient the underwater vehicle for an aerial vertical takeoff upon breaking the water surface. In a water-land domain vehicle, the same pitch-up maneuver could orient the vehicle for a water-land transition, such as a vertical wall climbing operation.
Several VBS designs exist in the literature, but none of them are concerned with key multidomain vehicle objectives of minimizing VBS weight and volume, loitering the vehicle motionless, and enabling extreme pitch angles. Large manned submarines typically control the net vehicle buoyancy by using a ballast tank, the ambient water pressure, and compressed air. To decrease buoyancy and perform a dive maneuver, the flood valves of a ballast tank are opened and the ambient water pressure forces water into the tank. Simultaneously, any air inside the ballast tank is forced out through a vent valve into the surrounding water. To increase buoyancy and perform an ascent maneuver, the flood valves are opened and compressed air is blown into the ballast tank, forcing water out. Potential drawbacks with this design include requiring a second tank to store compressed air and the need for an onboard air compressor if the mission duration is long enough to exhaust the stored air. Many unmanned underwater vehicles (UUVs) use a similar design approach for buoyancy control. Some UUVs use the surrounding ambient water as the working fluid and actuate flood valves such that water passively fills the ballast tanks to perform a dive maneuver [7] , [8] . Some UUV designs similarly vent the air inside the ballast tank as water is pumped in [8] , while others do not and instead allow for a pressure buildup in the ballast tank or hull [9] . Other designs commonly use an active method of filling the ballast tank with the use of a water pump [8] - [10] . Instead of a rigid ballast tank, some UUVs pump water into an elastic bladder that is located inside the vehicle hull [9] . Another buoyancy control approach is to use air as the working fluid, such as Young [2] who developed a buoyancy system for a multidomain vehicle featuring an air-filled external bladder. The primary drawback with this design is the system instability in depth and heave velocity due to the compressibility of the working fluid. If an environmental disturbance causes the vehicle to change depth slightly, the change in hydrostatic water pressure causes the external bladders to expand or compress, resulting in undesired vehicle motion. To counter this, a closed-loop controller is required to maintain a reference depth or heave velocity setpoint.
In this paper, we propose and investigate a VBS design suitable for multidomain vehicles. The VBS design reflects multidomain vehicle design objectives of high endurance, high stealth, and indefinite loitering capabilities. In Sections II and III, we develop and analyze a dynamic actuator system model for our VBS design. In Sections V and VI, we develop a notional vehicle model and analyze the coupling between the VBS actuator and vehicle dynamics. In Section IV, we compare the VBS design to a consumable compressed air buoyancy system in terms of energy per actuation and energy storage device volume. In Section VI, a proof-of-concept demonstration is presented and compared to the vehicle model-predicted results.
II. VARIABLE BUOYANCY SYSTEM MODEL

A. System Configuration
Ambient water from the surroundings is chosen as the VBS working fluid because of the ability to eject all working fluid prior to flight or land operations. Compared to VBS designs that use air and an onboard compressor, a water-pump-based VBS design does not need to resurface occasionally to recharge compressed air tanks. A VBS design that vents air also creates underwater air bubbles that are visible from the water surface especially in shallow waters, decreasing stealth. A rigid ballast tank concept was chosen to eliminate the system instabilities associated with using air and an external elastic bladder like in Young's design [2] , which enhances loitering capabilities via less complicated controls and energy consumption. Furthermore, a battery-powered VBS concept is chosen over a compressed air tank system due to electric batteries having a greater energy storage device density (see Section IV), resulting in a more compact VBS design.
Our proposed VBS ballast tank design consists of a rigid ballast tank with an inner elastic bladder to separate the air inside the tank from the working fluid (see Fig. 1 ). To decrease net vehicle buoyancy or perform a dive maneuver, a positive displacement pump forces the surrounding ambient water into the ballast tank and the elastic bladder, compressing the air inside the tank. A check valve downstream from the pump eliminates leakage through the pump due to backpressure. To increase vehicle buoyancy or perform an ascent maneuver, a proportional servo vent valve is opened and the water is forced out from the ballast tank due to the potential energy stored in the compressed air. The elastic bladder ensures that no air accidently escapes during the venting operation regardless of the vehicle orientation.
Prepressurizing or precharging the air inside the tank is necessary so that the air pressure is always greater than the surrounding ambient water pressure, which is dependent on the vehicle's instantaneous depth. The vent valve operation relies on a positive pressure differential between the tank air pressure and the ambient water pressure in order to force the water out of the tank. The water pump and vent valve combination also requires less energy to operate than a VBS that exclusively uses a water pump. During a water vent operation, powering a zero-powerhold on/off vent valve or a low power proportional solenoid vent valve uses less energy than powering a water pump to actively remove water from the tank.
B. Dynamic System Model
To investigate the relationship between control inputs and the VBS actuator force output, we begin by modeling the fluid dynamics for a single ballast tank. Due to the incompressibility of water, the system can be modeled using mass continuity and Bernoulli's equation for a streamline running from the pump outlet to inside the ballast tank. The dynamic hydraulic system equation is expressed as
where P o is fluid pressure at pump outlet, ρ is density of water,V w is the fluid's volumetric flow rate, A p is cross-sectional area of the tubing at the pump outlet, and P g is pressure of the air inside the tank. Losses through the check valve, hydraulic tubing, and elastic bladder are assumed to be negligible. For the tubing and tank sizes used in the proof-of-concept prototype in Section VI, the tank fluid velocity is only about 0.2% of the tubing fluid velocity and therefore the tank fluid velocity is neglected. We restrict our scope to multidomain vehicles whose operation involves relatively slow and infrequent buoyancy changes. Therefore, the air compression or expansion processes occur over a long period of time and can be approximated as isothermal. The air pressure inside the tank is given by the isothermal relation
where P g,0 is initial air pressure inside the tank, V t is total volume of the ballast tank, and V w is volume of water inside the tank. The initial air pressure inside the tank is a function of the operation depth limit according to
where P atm is atmospheric pressure, Z max is the vehicle's operational depth limit, and σ is a safety factor to ensure that the tank air pressure is always greater than the ambient water pressure.
The ballast tank and vent valve opening form a nozzle with an inlet and outlet area equal to the cross-sectional area of the tank and the cross-sectional area of the vent valve opening, respectively. The flow rate through this vent valve nozzle can also be modeled using mass continuity and Bernoulli's equation [11] . For a streamline running from inside the ballast tank to the vent valve outlet and taking positive flow to be into the tank, the fluid volumetric flow rate is expressed aṡ
where η is nozzle efficiency, A v is cross-sectional area of the vent valve opening, A t is cross-sectional area of the ballast tank, and P z is surrounding ambient water pressure. The ambient water pressure is equal to the pressure at the pump inlet and vent valve outlet. The nozzle area ratio κ is a control input through the use of a proportional servo valve. The pump and motor system models are developed next. The required input torque for the constant displacement pump is expressed as
where δ is the pump's fixed volumetric displacement per revolution, Z is vehicle depth,V w is volumetric flow rate assuming a positive displacement pump, ω is pump shaft rotational speed, and μ is volumetric efficiency, which is a function of the pump outlet pressure [12] . The pump is assumed to be powered by a direct current (dc) electric motor, whose dynamic model is expressed asω
where K e and K b are torque and speed constants, B v is viscous damping coefficient, J is combined moment of inertia of motor armature and pump load, R is motor resistance, L is motor inductance, i is current, and E is applied voltage. The complete state equation for the volumetric flow rate is determined by combining (4) and (8) resulting iṅ
While the VBS is actuating, either the pump or the vent valve is operating; they will never be active simultaneously. Both the pump and the vent valve can be inactive simultaneously, such as if the vehicle is loitering. Furthermore, the pump can only operate in one direction such that ω ≥ 0. Thus, the relation for water volumetric flow rate can be divided on the basis of three different operating conditions of applied voltage and vent valve ratio control inputs according tȯ
C. Variable Buoyancy System Actuator Analysis
With a dynamic system model for the VBS now defined, we consider modeling the actuation force, energy consumption, and system efficiency of the complete buoyancy system. The actuation force is dependent on the volume of the ballast tank and the water volume limit. If the same actuation force is desired in both the positive and negative heave directions, then the maximum bidirectional actuation force is expressed as
where V w ,max is maximum water volume able to be pumped into the tank, which is limited by the pressure rating of the tank or the stall torque of the pump motor, and g is gravitational acceleration. When the vehicle is at neutral buoyancy, the ballast tank would have half its maximum water volume. The water volume limit is dependent on the motor and pump parameters, applied voltage, ballast tank precharge, and tank volume. The water volume limit nondimensionalized by the ballast tank volume is determined by rearranging (6), (9), and (11), and solving for the motor stall condition (θ = 0 and i = E/R) resulting in
The instantaneous system efficiency during pump operation can be defined as the ratio of tank fluid output power to electrical input power as
The instantaneous system efficiency accounts for the losses in motor, pump, and hydraulic tubing network, although in this analysis we assume the pump and tubing losses to be negligible. The average system efficiency across the pump operating range is determined by integrating the instantaneous system efficiency with respect to tank fill fraction according tō
The integral of P flow with respect to time is equal to the fluid energy produced, W flow . For comparison purposes, we consider the energy required to compress air, an ideal gas, from initial volume V t to final volume (V t − V w ). Assuming an isothermal process, the energy required by the system to compress the air is expressed as
When the hydraulic tubing losses are assumed to be negligible, W gas = W flow .
III. MODEL ANALYSIS RESULTS AND DISCUSSION
C. Parameter Study
The VBS actuator model presented above is applied to a notional VBS actuator design. The motor parameters are for the Maxon brushed dc motor, model number 110124 [13] . The pump is assumed to be lossless and have an output pressure limited only by the stall torque of the motor. The baseline parameters for the system used throughout the parameter variation study are listed in Table I . The ballast tank precharge pressure is directly related to the vehicle's depth limit by (3) and therefore the terms tank precharge pressure and depth limit are used interchangeably. All reported pressures are absolute units unless otherwise noted. Previous works have found that the nozzle efficiency for a smooth contraction nozzle is about 0.8 [11] . This can be considered an upper limit because there are no flow-restricting control valves at the nozzle exit. The addition of nozzle exit control valves is expected to significantly decrease the vent valve nozzle efficiency and therefore a value of 0.4 was selected for the following study. Fig. 2 plots the maximum bidirectional actuation force as a function of ballast tank volume, vehicle depth limit, and tank pressure limit. The tank pressure limit is either the pressure rating of the tank or the maximum achievable pressure due to the pump motor stall characteristics. As the tank pressure limit increases for a fixed tank volume, the maximum actuation force increases since more water volume can be forced into the tank. The maximum actuation force shows decreasing sensitivity to the tank pressure limit as the limit is increased. This is because asymptotically increasing energy is required to compress the fixed mass of air inside the tank as its volume approaches zero. Maximum actuation force and vehicle depth limit are inversely proportional for a given ballast tank and tank pressure limit. Increasing the vehicle depth limit by increasing the tank precharge results in the pump motor reaching stall with less water inside the ballast tank, therefore decreasing the maximum actuation force. Fig. 3 plots the relationship between ballast tank fill fraction limit, precharge pressure, and applied voltage for a fixed pump displacement according to (14) . The tank fill fraction limit dependence on depth is most prominent at lower voltages and higher tank precharges. Depending on the applied voltage and tank precharge, the ambient water pressure is nearly constant across the vehicle's operating depth range. In the remainder of this analysis, the ambient water pressure is assumed to be constant at atmospheric pressure in order to eliminate any required assumptions about the vehicle's depth change rate and instead focus the analysis on the actuator itself.
During a system command to decrease net buoyancy, the control input to the VBS is the applied motor voltage. In Fig. 4 , we examine the relationship between applied voltage, pump torque, tank precharge pressure, and tank fill fraction. The pump torque is nondimensionalized by the motor stall torque, which is dependent on the applied voltage. Increasing the tank precharge pressure shifts the tank fill fraction curves to the right because pump torque is proportional to precharge pressure according to (6) . During a system command to increase net buoyancy, the control input is the vent valve nozzle area ratio, κ. In Fig. 5 , we examine the effect of the nozzle area ratio on the rate of water exiting the ballast tank. The tank is assumed to have an initial fill fraction of 0.8 and a depth limit of 30 m. Next the vent valve is opened and the water is forced out of the tank by the internal compressed air. Tank emptying time shows decreasing sensitivity to nozzle area ratio as the ratio is increased. For instance, the decrease in emptying times from nozzle area ratio of 2.5 × 10 −4 to 3 × 10 −4 is minor compared to the decrease from 5 × 10 −5 to 1 × 10 −4 . The effect of applied voltage and pump displacement on system efficiency is plotted in Figs. 6 and 7. As applied voltage increases, instantaneous system efficiency increases across the tank fill fraction range because the motor is able to operate closer to its peak efficiency torque-speed operating point, which occurs at a high rotational speed. An optimal pump displacement is also apparent for maximum efficiency. For the range of pump displacements investigated, a pump displacement of 0.01 ml/rev is optimal if the tank is primarily operated between fill fractions of 0.4-0.8. This optimal pump displacement again corresponds to the motor operating most closely to its peak efficiency torque-speed operating point. As pump displacement is increased or decreased from this optimum, the motor speed is decreased or increased and the motor operates farther from its peak efficiency torque-speed operating point.
B. Comparison Study
For comparison purposes, we consider a consumable compressed air buoyancy system (CABS) in terms of energy storage device volume. Unlike the VBS which uses a battery as the main energy storage device, a CABS uses a tank of high pressure compressed air to convert the potential energy stored in the compressed air into mechanical work. We consider each system to have the same ballast tank water volume limit and therefore the same maximum bidirectional actuation force. The VBS ballast tank volume is equal to the water volume limit plus the volume of captive air. This captive air volume is considered a part of the total energy storage device volume because it provides the energy for the venting operation. The VBS design uses one motor, pump, and vent valve per ballast tank while the CABS design uses three valves per ballast tank. These three valves include an air vent valve, a water flood valve, and a valve to the compressed air source. Both systems have comparable component volumes as the volume of the VBS motor/pump combination is estimated to be roughly equivalent to the volume of the two extra CABS valves. Furthermore, both systems are approximated to only consume energy during either the ascent or descent cycle. The CABS only consumes compressed air energy during ascent maneuvers while the VBS only uses battery energy for motor and pump operation during dive maneuvers.
We assume that the vehicle is initially on the water surface with the ballast tank empty. Next the vehicle fills the ballast tank to the water volume limit and begins the dive maneuver. Upon reaching the set cycle depth, the vehicle initiates the ascent maneuver by expelling all water from the tank and returns to the starting position at the water surface. The mass of compressed air required to expel all water from the ballast tank for the CABS as a function of depth can be determined from the ideal gas law according to
where R air is the specific gas constant of air and T is the temperature of the air. This mass of air must be blown into the ballast tank to initiate every ascent cycle. From the ideal gas law, the CABS compressed air tank volume is expressed as
where N is the number of cycles and P CABS is the pressure limit of the compressed air tank. At the end of the last cycle, the compressed air tank pressure is designed to be equal to the required ballast tank air pressure per cycle to ensure that a positive pressure differential still exists between the compressed air tank and ballast tank. The volume of the VBS energy storage device is equal to the volume of the battery plus the volume of captive air according to
whereβ is an average total system efficiency in converting electrical energy into mechanical air compression work. Battery volumetric energy density is , which is 1.2 MJ/L based on a survey of typical commercially available Li-Po batteries [14] . Fig. 8 plots the energy storage device volume comparison for N = 20 and shows that depending on the compressed air tank pressure limit and the vehicle depth limit, even a relatively inefficient VBS is able to match the required energy storage device volume of the CABS. For instance, if the max pressure rating of the compressed air tank is 350 bar and the vehicle depth limit is greater than 30 m, then an overall VBS energy efficiency of only 15% is necessary for a smaller energy storage device volume compared to the compressed air tank of the CABS. From Figs. 6 and 7, and (16), average system efficiencies of up to 72% are possible depending on the motor, pump displacement, and applied voltage. Furthermore, a max pressure rating of 350 bar is on the high end for lightweight, commercially available compressed air tanks. Typical carbon fiber compressed air tank pressure limits range from 207 to 310 bar [15] .
IV. DYNAMIC VEHICLE SYSTEM MODEL
A. System Configuration
To examine the coupling between the VBS actuator and vehicle dynamics, a notional underwater vehicle is modeled. The simplified vehicle model consists of two VBS actuators located forward and aft to enable depth and pitch control. For modeling purposes, each set of motor, pump, and vent valve assembly is lumped into single point masses and point buoyancies. The complete vehicle is then modeled as a system of six point masses and six point buoyancies. The point buoyancy location for each component is assumed to be coincident with the point mass location at the centroid. The vehicle is represented schematically in Fig. 9 . Table II lists the mass and buoyancy values for each component.
The vehicle's center of buoyancy (CB) location is determined by a buoyancy force balance in the x-and z-directions according to
where V n and x n are water displacing volume and x-location of the nth component relative to the trailing edge of the aft ballast tank, respectively. The same procedure is used to determine the CB z-location. The vehicle CB location is fixed and therefore the body-fixed coordinate system origin is chosen to be coincident with the CB. The vehicle center of gravity (CG) is determined by a force balance according to
where m n and x n are mass and x-location of the nth component relative to the CB, and ρV w ,n is the mass of the water in the nth ballast tank. The mass of the water in each tank is modeled as coincident with the ballast tank point mass locations.
B. Nonlinear System Model
Throughout the literature [16] - [18] , generalized underwater vehicle's dynamic equations of motion can be described by
where M is sum of the inertia and added mass matrices, C is sum of the rigid-body and hydrodynamic Coriolis and centripetal matrices, D is damping matrix, G is restoring force vector, and τ f is vector of external forces and moments. For a vehicle controlled exclusively by varying its buoyancy and assuming no water currents, the external force vector is zero. Considering only motion in the longitudinal plane, the velocity and position vectors reduce to
where v is expressed with coordinates in the body-fixed frame and η is expressed with coordinates in the earth-fixed frame (see Fig. 9 ). To estimate the added mass and damping terms, the vehicle shape was approximated as a prolate ellipsoid whose major and minor axes correspond to the vehicle's length (l = 0.68 m) and width (d = 0.1 m), respectively. The rigid-body inertia matrix is modeled from rigid-body Newton-Euler equations and is dependent on the vehicle's total mass, moment of inertia, and CG location [17] , [18] . For a vehicle with three planes of body symmetry and operating at low speeds, the added mass matrix is simplified to a diagonal structure [16] , [17] . The added mass terms for a prolate ellipsoid are described by Fossen [17] . The normal and axial force coefficients are described by Jorgensen [19] as
where α is the angle of attack, A p is the planform area, A r is the reference area, C d n is the crossflow drag coefficient (
, and C A o is the axial drag coefficient at zero angle of attack (C A o = 0.25 [20] ). For a vehicle traveling at speed U , the normal and axial forces are
The viscous damping moment is calculated by integrating the damping force on a differential area of the ellipsoid at a position (a − 1)l ≤ r ≤ al relative to the CG location along the major axis according to
where the upper and lower limits of integration represent the leading and trailing edges of the ellipsoid along its major axis [21] . Based on drag coefficients for 2-D circular bodies given by Cengel and Cimbala [20] , C D ,q is 1.2. The CG location along the ellipsoid major axis is located a distance al from the trailing edge, where a is a dimensionless parameter such that a = 1 corresponds to the leading edge, and a = 0 corresponds to the trailing edge. The variable v is the local velocity component normal to the ellipsoid body and is a function of the distance from the CG as
where w and x cg are defined with respect to the CB x-location and r is with respect to the CG x-location. The variable d d is the width of the differential segment and is a function of the location along the ellipsoid's major axis according to
The restoring force vector is expressed as
(34) where W is total weight of the vehicle and B is total buoyancy force. The VBS actuator and vehicle dynamics are coupled through the CG terms x cg and z cg . The vehicle nonlinear dynamics are then expressed as ⎡ ⎣u ẇ q • . Each tank has a precharge pressure of 4.4 bar and therefore the vehicle depth limit is 30 m. The first step response, shown in blue, represents a pitch change maneuver. A 18-V step input is sent to the forward pump motor and a step input of κ = 1.2 × 10 −4 is sent to the aft vent valve, causing the CG to shift forward and the vehicle to pitch downward. Once the motor has reached the stall current, the applied voltage is removed and the current goes to zero. The second step response, shown in black, represents a pitch and depth change maneuver. In this case, the water level in tank 1 remains constant. The steady-state vehicle pitch response is much smaller in comparison to the first step response because the CG is shifted less forward due to the aft tank not being vented. The third step response, shown in red, represents a depth change only Fig. 12 . Descending maneuver at a nearly fixed pitch by pumping water into the fore and aft ballast tanks. maneuver. The steady-state pitch response is not zero because the two ballast tanks are not equidistant from the center of rotation. One significant result is that although the second step response increases overall vehicle weight at a slower rate than in the third step response, a faster heave velocity is still achieved because of the more streamlined pitch orientation. This demonstrates that extreme pitch control offers an energy efficiency advantage during locomotion. In the second response, only one motor is active and operated at a lower voltage and current, resulting in a much lower system energy consumption than in the third response which uses two active motors.
The step response results also demonstrate the inherent vehicle stability with the presented VBS actuator design. For all three initial step inputs, the vehicle reaches a stable, constant velocity. This is in contrast to a VBS design using an external air bladder, which does not reach a stable vehicle velocity in response to a step input. This inherent stability reduces the complexity and energy consumption of a controller if closed-loop depth and pitch regulation is desired.
VI. PROOF-OF-CONCEPT DEMONSTRATION
The VBS Demo Platform proof of concept was constructed to demonstrate the VBS actuator design and vehicle depth and pitch control (see Fig. 11 ). The overall vehicle length is 0.64 m and the max body width is 0.1 m. The total dry mass is 1.3 kg and the total buoyancy is 16.7 N. The vehicle features two ballast tanks and a single motor and pump combination. The hydraulic tubing cross-sectional area is the same as that listed in Table I . The volume of each ballast tank is 250 mL. The motor is powered by a 3 cell Li-Po, 2100-mAh battery and is controlled through a radio transmitter operating at 72 Mhz.
The motor and pump are hobby RC components intended for hydraulic oil applications. The battery, RC receiver, and motor speed controller are stored inside the watertight electrical enclosure. A servo-actuated spool valve assembly directs which tank is connected to the pump and therefore only one tank can be pumped at a time. Each tank is connected to its own vent valve, which consists of another servo-actuated spool valve assembly. To prevent communication issues, the antenna wire of the RC receiver is also passed through the enclosure and run along the body of the vehicle.
Proof-of-concept testing was performed at the Carmichael Aquatic Center at North Carolina State University. The vehicle was manually controlled with an RC transmitter. With humanin-the-loop control, the vehicle demonstrated maneuvers including pitch control, depth regulation at a fixed pitch, and loitering at a constant depth. A waterproof HD video camera operating at 60 frames/s was mounted to the pool floor and used to record the vehicle location and orientation during testing. The videos were postprocessed frame by frame to determine the vehicle depth and pitch angle as functions of time. Figs. 12 and 13 show video frames from a nearly fixed-pitch depth change maneuver and a pitch and depth change maneuver, respectively. The vehicle is able to descend while remaining horizontally pitched by running the single motor steady and frequently diverting the flow from one ballast tank to the other. For the pitch and depth change maneuver in Fig. 13 , the vehicle was initially loitering at a constant depth at neutral buoyancy. The fore vent valve was then opened, causing the vehicle to pitch up and start ascending. Fig. 14 shows the extreme pitch angle capabilities of the vehicle. The analytical model presented in the preceding section was applied to match the configuration, geometry, and mass properties of the VBS Demo Platform. To set the model initial conditions, the ballast tank water volumes required for neutral buoyancy at near-zero pitch angle were first experimentally measured. The overall CG and CB locations of the platform, which must account for the complete distribution of mass and volume of all platform components, were measured by manually balancing the platform in air and while submerged. These CG and CB measurements were further refined by fitting the modelpredicted pitch response to the experimental results shown in Fig. 15(a) . The nozzle efficiency parameter was determined by fitting the model-predicted depth response to the experimental results shown in Fig. 15(b) , resulting in a value of 0.12. This nozzle efficiency value includes the losses from the control spool valve on the nozzle exit. Tuning the nozzle efficiency parameter to further decrease the error between the model-predicted and experimental depth results had a contrasting effect on the pitch results, causing the error to increase. All other terms in the vehicle model were calculated using the mathematical methods presented in Section IV.
The pitch response results are in close agreement and the depth response results show reasonable overall agreement. At 5 s, the depth response error is about 18%. It is expected that this error could be reduced with improved modeling or experimental characterization of the added mass and drag terms to better reflect the body geometry of the VBS Demo Platform.
VII. CONCLUSION
This paper has analytically investigated an active variable buoyancy system (VBS) specifically designed for multidomain unmanned vehicles. The presented VBS actuator design reflects multidomain vehicle objectives through its minimal weight due to the expulsion of the water working fluid when inactive, minimal pump energy consumption via passive water venting, and high stealth since no air bubbles are ever released. In addition, the VBS is able to perform low-power loitering and depth regulation due to inherent system stability and extreme pitch angle maneuvers for unique missions. The VBS is also shown to use a smaller, denser energy storage device than that of an equivalent consumable compressed air buoyancy system. Although multidomain vehicles were the main design target, the presented VBS also has direct applications for other underwater sensing systems where rapid pitch changes, vertical motion, or remaining motionless is advantageous.
The effects of several system design parameters on the ballast tank fill rate, actuation force, energy efficiency, and vehicle dynamics were examined. Depending on the motor, applied voltage, tank precharge pressure, and tank fill fraction operation range, an optimal pump displacement exists for maximum system energy efficiency. Improving the system-level energy efficiency is critical to multidomain vehicle design because of the need to integrate several domain-specific systems that all consume energy. Improving the energy efficiency of a single vehicle component can have a major impact on the vehicle's overall range and endurance. Vehicle simulation results show that an energy efficiency advantage during locomotion is possible through extreme pitch control, which orients the vehicle into the most streamlined position possible. The vehicle dynamics were shown to be stable in pitch and heave velocity, eliminating the need for a complicated control scheme.
A proof-of-concept platform prototype was constructed and tested to demonstrate the VBS operation concept. The prototype was able to descend while maintaining a desired, nearly fixed pitch as well as achieve a maximum pitch angle near vertical. Future work will include adding a closed-loop controller to enable automatic regulation of the vehicle pitch and depth setpoints and integrating the VBS design into a multidomain vehicle prototype.
